Background--Glutathionylation of endothelial nitric oxide synthase (eNOS) "uncouples" the enzyme, switching its function from nitric oxide (NO) to O 2
ndothelial nitric oxide synthase (eNOS), the predominant isoform of nitric oxide synthase in the vasculature, catalyzes the generation of nitric oxide (NO), a key regulator of vascular homeostasis. In its homodimeric form, eNOS oxidizes the substrate, L-arginine, to L-citrulline and NO. This involves the transfer of electrons from nicotinamide adenine dinucleotide phosphate (NADPH) in the reductase domain of one eNOS monomer to the heme in the oxidase domain of the opposite monomer 1 in a tightly regulated process that requires the cofactor, tetrahydrobiopterin (BH4). 2 In disease states with elevated "oxidative stress," depletion of the redoxsensitive BH4 leads to a disruption in the coupling of NADPH oxidation to NO synthesis, resulting in generation of superoxide (O 2 •À ) from the oxidase domain 3 in a process widely known as eNOS "uncoupling." BH4 supplementation, however, only partially reverses eNOS uncoupling and endothelial dysfunction, suggesting that other redox-related mechanisms may be involved in regulation of the eNOS function. 4, 5 The recent demonstration of modifications in eNOS activity through glutathionylation under oxidative 4 and nitrosative 6 stress has led to a paradigm shift in the understanding of the molecular mechanism of eNOS uncoupling. Under oxidative stress, cysteine (Cys) residues on eNOS are oxidized, leading to glutathionylation of eNOS 6, 7 as a result of the formation of a reversible disulfide bond between glutathione (GSH) and the reactive Cys residues of the enzyme. This GSH adduct has effects on tertiary structure and protein function akin to phosphorylation. [8] [9] [10] Glutathionylation of eNOS leads to a loss of NO generation and, in contrast to BH4 depletion, production of O 2
•À primarily at the reductase domain. 4 Increased eNOS glutathionylation in a hypertensive rat model, in which endothelial dysfunction was reversed by disulfide-specific reducing agents and in streptozotocin-induced diabetic rats, is supportive of the pathophysiological significance of eNOS glutathionylation. 4, 11 The precise signaling pathways leading to this oxidative modification in these disease states have not been elucidated. Activation of the renin angiotensin system (RAS) is a key neurohormonal change in a multitude of disease states that are characterized by endothelial dysfunction (eg, hypertension, diabetes, atherosclerosis, and heart failure). 12 Angiotensin II (Ang II) activates NADPH oxidase, a major source of vascular O 2
•À . 13 Whereas O 2 •À from NADPH oxidase isoform 1 can trigger eNOS uncoupling indirectly through BH4 oxidation, 14 the redox-related mechanisms that directly modify eNOS and mediate Ang II-induced eNOS uncoupling 15 are not defined. We examined the hypothesis that glutathionylation mediates Ang II-induced uncoupling of eNOS in an NADPH oxidase-dependent manner. To complement in vitro data and establish in vivo significance, we examined the effects of attenuation of baseline Ang II receptor-coupled redox signaling using the angiotensin converting enzyme (ACE) inhibitor, captopril, in rabbits, in which RAS is highly activated under basal conditions. 16 
Methods

Animals, Tissues, and Cells
Aortic segments were harvested from control male New Zealand White rabbits or rabbits treated with captopril (8 mgÁkg À1 Áday À1 ) in their drinking water for 7 days. Surplus segments of human internal mammary or radial artery were obtained from patients undergoing coronary artery bypass graft operation. Pooled, multiple-donor human umbilical vein endothelial cells (HUVECs; Lonza, Basel, Switzerland) were maintained at 37°C with 5% CO 2 in MesoEndo Endothelial Cell Medium (Cell Applications, Inc., San Diego, CA), supplemented with 1% L-glutamine, 1% penicillin/streptomycin, and 10% fetal bovine serum, and used for in vitro experiments. Protocols for animal and human experiments were approved by the appropriate research ethics committees.
Transfection Protocol
HUVECs were transfected using an Amaxa Nucleofection system (Lonza) as per the manufacturer's instructions. Briefly, Arbor, MI). To examine the specific role of glutathionylation in regulation of eNOS activity, cell lysates were incubated with recombinant human glutaredoxin 1 (hGrx1; 10 lg/mL), an enzyme that specifically catalyzes "deglutathionylation," at 37°C for 30 minutes. Radioactivity was measured using a liquid scintillation counter.
Electron Paramagnetic Resonance Spin Trapping Measurement of NO Bioavailability
Electron paramagnetic resonance (EPR) measurement of NO in aortic segments (10910 mm) was performed using the colloid spin-trap Fe(DETC) 2 (200 lmol/L), as previously described. 18 The segments were incubated with Fe(DETC) 2 at 37°C for 30 minutes, before snap-freezing in liquid N 2 .
Spectra were recorded at 77 K with a Bruker EMX X-band spectrometer (Bruker Corporation, Billerica, MA) using the following parameters: microwave power, 2.5 mW; microwave frequency, 9.4 GHz; modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; conversion time, 81.9 ms, time constant, 163.8 ms; and scan time, 83.9 seconds, with 12 scans averaged. The amplitude of NO signal was determined as the perpendicular height between the top of the first lowfield signal and the valley of the third high-field signal. 
Confocal Fluorescence Microscopy
Aortic Preparation and Functional Measurements
Aortic rings were excised from rabbits and mounted in organ chambers. 22 Segments were incubated with Ang II (100 nmol/L, 1 hour) at 37°C before placement in the organ chambers, where indicated. This was followed by incubation with DTT (1 mmol/L) for 20 minutes in a group of experiments. Cumulative concentrations of ACh were applied to the rings precontracted with phenylephrine (PE; 300 nmol/L in experiments with DTT; 100 nmol/L in other experiments). Relaxation is expressed as percentage of PE-induced contraction.
Statistical Analysis
Results are presented as meanAESEM. A paired (first panel in Figure 3B ) or unpaired (remainder of Figures 3 and 5C and 5D) Student t test was used for comparison between 2 groups. A nonparametric test (Mann-Whitney) was used for comparison between 2 groups where normal distribution could not be ascertained. For comparisons between more than 2 groups, a nonparametric ANOVA test (Kruskal-Wallis) was used with Dunn's post-hoc multiple comparisons. Vasorelaxation data were analyzed by 2-way ANOVA with Tukey's post-hoc analysis. P<0.05 was considered statistically significant.
Results
Ang II Increases eNOS Glutathionylation and Inhibits Its Activity Through Glutathionylation in an NADPH Oxidase-Dependent Manner eNOS glutathionylation was detectable in serum-starved HUVECs ( Figure 1A ). Ang II (100 nmol/L, 1 hour, 37°C) increased eNOS glutathionylation, compared to control (Figure 1A) . Preincubation of cells with gp 91ds-tat (5 lmol/L), a membrane-permeable peptide inhibitor of NADPH oxidase subunit assembly, for 1 hour at 37°C had no effect on baseline eNOS glutathionylation, but abolished Ang II-induced eNOS glutathionylation ( Figure 1A) . A lack of effect on baseline signal might be the result of low activity of the oxidase in serum-free media and/or nonenzymatic oxidant generation under in vitro conditions. 23 DTT (1 mmol/L) abolished the signal for eNOS glutathionylation when incubated with lysate protein for 15 minutes preceding immunoprecipitation ( Figure 1A ), consistent with a mixed disulfide bond between eNOS and GSH. 24 Similar data were obtained in independent experiments using the BioGEE technique ( Figure 1B) . Consistent with the results in HUVECs, Ang II (100 nmol/ L, 1 hour) increased eNOS glutathionylation in rabbit aorta (ex vivo) in an NADPH oxidase-dependent manner ( Figure 1C and 1D). To determine the relevance of our data to human A, eNOS immunoblotting of GSH or IgG immunoprecipitate (IP) from HUVEC lysate with or without DTT (n=5). B, eNOS immunoblotting of total lysate and streptavidin precipitate (protein-GSS) of HUVECs loaded with biotinylated GSH before Ang II exposure (n=5). C, eNOS immunoblotting of GSH IP from rabbit aorta (n=5). D, GSH immunoblotting of eNOS IP from rabbit aorta (n=5). E, eNOS immunoblotting of GSH IP from human arterial segments (n=4). F, Immunostaining of eNOS (first column, red fluorescence) and glutathionylation (second column, green fluorescence) in control HUVECs and cells treated with Ang II. The merged eNOS/glutathionylation image demonstrates in situ colocalization of glutathionylation and eNOS immunostaining (third column, yellow fluorescence, white arrows point to colocalization at membrane). Nuclei were stained with DAPI (blue). G, eNOS activity in HUVECsAEAng II, measured by the conversion of L- vascular physiology and pathophysiology, we examined the effect of Ang II (100 nmol/L) on eNOS glutathionylation in intact segments of human arteries ex vivo. eNOS glutathionylation was present in human vessels at baseline and was significantly increased by exposure to Ang II ( Figure 1E) .
In immunofluorescence experiments, immunostaining for colocalization of GSH and eNOS that reflects eNOS glutathionylation in situ was observed particularly at the membrane, and this was increased from baseline by incubating HUVECs with Ang II ( Figure 1F) .
In functional studies, Ang II induced a reduction in eNOSmediated conversion of L- [ 14 C]arginine to L-[ 14 C]citrulline in HUVEC lysates ( Figure 1G ). This effect on eNOS function appeared relatively smaller compared to effects on eNOS glutathionylation detected by Western blotting ( Figure 1A through 1D). Whereas Western blotting is a nonquantitative method and linearity in detected signal for eNOS glutathionylation by Western blotting with the actual glutathionylation levels and eNOS activity have not been shown, we speculate that such apparent discrepancy might be a result of the presence of reducing agents in the commercial kit used for functional measurements. The effect on eNOS activity was blocked by preincubation of cells with gp91ds-tat, indicating NADPH oxidase-dependence of the effect and was reversed by incubation of lysates with hGrx1 (10 lg/mL; Figure 1G ).
To examine the type of Ang II receptor involved in mediating the effects, HUVECs were preincubated with losartan (5 lmol/L, 1 hour, 37°C), a specific Ang II type 1 receptor (AT1R) blocker, before incubation with Ang II (100 nmol/L, 1 hour, 37°C). Abolition of Ang II effects by losartan ( Figure 1H ) was supportive of AT1R mediating Ang II-induced eNOS glutathionylation. Taken together, these results indicate that Ang II induces an NADPH oxidase-dependent increase in eNOS glutathionylation, through AT1R, resulting in a decrease in eNOS activity.
Ang II Uncouples eNOS in HUVECs Through Glutathionylation
Exposure of HUVECS to Ang II (100 nmol/L, 1 hour) increased O 2 •À -sensitive DHE fluorescence (Figure 2A ). Addition of L-NAME increased DHE fluorescence in control cells, suggesting that a proportion of basal O 2 •À is tonically quenched by NO (Figure 2A ). In contrast, L-NAME added to cells pre-exposed to Ang II had no significant effect on DHE fluorescence. A lack of effect on DHE signal by L-NAME, in contrast to control cells, suggested that Ang II had induced uncoupling of eNOS. Because L-NAME does not inhibit O 2
•À generation from the reductase domain of uncoupled eNOS, the known site of glutathionylation, 4 we examined the effect of disulfide reduction by DTT. A decrease in DHE fluorescence by DTT (Figure 2A ) in Ang II-treated cells supported the role of glutathionylation. Similar to L-NAME, DTT increased the DHE signal in control cells (Figure 2A ). •À -sensitive DHE fluorescence. Cell nuclei were counterstained with DAPI (blue). Preincubation with L-NAME (1 mmol/L) or DTT (1 mmol/L) is as indicated (n=9 control, 9 Ang II, and 6 in other groups; cells from 4 randomly chosen regions of interest in each group were included in the analysis). B, HPLC analysis of DHE oxidation products to separate the specific product (2-OH-E + ) from the nonspecific product (E + ) of DHE oxidation. [2-OH-E + ] is calculated as the mean of values determined by fluorescence and electrochemical detectors, normalized to total protein concentration (pmolÁmg À1 ÁmL À1 ). C, Ang II-induced O 2
•À as detected by HPLC analysis of specific DHE oxidation product (2-OH-E + ) in HUVECs transfected with WT eNOS (WT) and double Cys mutant eNOS (double Cys mutant). Statistical comparison was made in each cell type between conditions of with and without Ang II (n=3). AU=arbitrary unit. Results are shown as meansAESEM. Statistical significance, compared to control (P<0.05), is indicated by asterisk (*). In Figure 2A and 2B, statistical significance, compared to Ang II (P<0.05), is indicated by pound sign (#).DHE indicates dihydroethidium; DTT, dithiotreitol; eNOS, endothelial nitric oxide synthase; GSH, glutathione; HPLC, high performance liquid chromatography; HUVECs, human umbilical vein endothelial cells; PE, phenylephrine; WT, wild type.
Because total DHE fluorescence has limitations in specificity for detection of O 2
•À in biological systems, 21 we used HPLC to separate the specific product of DHE oxidation by O 2 •À (2-OH-E + ) from the nonspecific, but fluorescent product, E + . Consistent with the fluorescence studies, Ang II induced an increase in 2-OH-E + that was reduced by DTT, but was insenstitive to L-NAME ( Figure 2B ). Similar results were observed for the ratio of 2-OH-E + /HE, which accounts for any potential differences in the amount of HE that entered the cells 25 (data not shown).
We next examined the effect of mutating the reactive Cys residues located in the eNOS reductase domain (C689 and C908). 4, 17 There was a nonsignificant decrease in 2-OH-E Because uncoupling of eNOS is expected to result in reduced NO bioavailability, we quantified NO formation. Ang II reduced both baseline and ACh-induced increases in NOsensitive DAF2DA fluorescence in HUVECs ( Figure 3A) . Quantitative measurement of NO in EPR spin-trapping experiments by Fe(DETC) 2 demonstrated that exposing rabbit aortic segments to Ang II in vitro causes a reduction in NO level ( Figure 3B ). Consistent with O 2
•À measurements, the effect of Ang II on NO-sensitive DAF-FM diacetate fluorescence was also abolished in cells expressing the double Cys mutant eNOS ( Figure 3C ), indicating a critical role for these reactive Cys residues in Ang II-induced eNOS uncoupling.
Ang II Reduces Endothelium-Dependent Relaxation in Aorta Through Reversible Thiol Oxidation
To examine whether Ang II-induced eNOS glutathionylation affects vascular endothelial function, aortic rings were treated with Ang II for 1 hour at 37°C before transfer to organ chambers. Ang II pre-exposure significantly reduced ACh-induced vasorelaxation ( Figure 4A ). To investigate the role of glutathionylation, we exposed aortic rings to DTT (1 mmol/L, 20 minutes). 4 Because DTT shifted the PE concentration-contraction curve ( Figure 4B ), these experiments were performed at a concentration with minimal differences in PE-induced precontraction (ie, 300 nmol/L; Figure 4B ). DTT abolished the Ang II-induced impairment of endothelium-dependent relaxation ( Figure 4C ), supporting a role for glutathionylation in mediating the Ang II effect on ACh-induced vasorelaxation.
Attenuation of Ang II Signaling by ACE Inhibition In Vivo Reduces eNOS Glutathionylation and Improves Endothelium-Dependent Vasorelaxation
Because Ang II-induced eNOS glutathionylation impaired endothelium-dependent vasorelaxation in aortic rings ex vivo, we examined whether attenuation of Ang II signaling by ACE inhibition could reduce baseline redox signaling within critical microdomains by reversing eNOS glutathionylation, thereby improving endothelial function in an in vivo setting. Treatment of rabbits with the ACE inhibitor captopril had no effect on eNOS expression in aorta, but reduced baseline eNOS glutathionylation ( Figure 5A and 5B). This was associated with a decrease in endothelial O 2 •À formation, an increase in endothelial NO levels, and improvement in endotheliumdependent vasorelaxation ( Figures 3B and 5C through 5E ). Parallel to the decrease in eNOS glutathionylation, both systolic and diastolic blood pressures were significantly reduced in captopril-treated rabbits, without an effect on heart rate (Table) .
Discussion
Extensive evidence exists for Ang II-mediated increase in endothelial oxidative stress, with subsequent adverse effects on vascular function 12 and eNOS activity. 15 Here, we show that NADPH oxidase-dependent glutathionylation of eNOS is a key molecular mechanism for this phenomenon. Our data demonstrate, for the first time, the major quantitative contribution that glutathionylation-mediated eNOS uncoupling makes to Ang II-induced endothelial O 2 •À generation. (100 nmol/L)-treated rabbit aortic rings precontracted with PE (300 nmol/L). (n=5 rabbits in each group with 3 rings studied in each rabbit). P value was <0.05 in the Ang II-treated group versus control on 2-way ANOVA. PE-induced precontraction was 2.4AE0.6 and 2.6AE0.5 g in control versus Ang II-treated rings, respectively, and was not statistically different in 2 groups. B, Effect of DTT on PE-induced contraction in rabbit aorta (n=5; with 2 rings studied in each rabbit). C, ACh-induced relaxation in rings with and without DTT (1 mmol/L) added after Ang II exposure (n=4 control and 5 Ang II groups with 3 rings studied in each rabbit). PE-induced precontraction was 2.3AE0.2 and 2.5AE0.3 g in control versus Ang II-treated rings, respectively, and was not statistically different between groups. Aortic relaxation is expressed as percentage of PE-induced contraction (at 300 nmol/L). DTT indicates dithiotreitol; PE, phenylephrine; WT, wild type.
Ang II increased eNOS glutathionylation and resulted in a reduction in NO as well as an increase in eNOS-derived O 2
•À .
A lack of effect on O 2 •À levels in experiments with eNOS inhibition by L-NAME (Figure 2A and 2B), which blocks O 2
•À generation from the oxidase domain of the enzyme, suggests that the electron leak and O 2 •À are largely derived from the reductase domain. This is in agreement with a previous report, where L-NAME had partial or no effect on O 2 •À generation Figure 5 . ACE inhibition reduces eNOS glutathionylation and improves endothelium-dependent vasorelaxation in vivo. A, eNOS expression in aortic homogenates of control and captopril-treated rabbits. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) immunoblot was used as the loading control (n=5 control and 4 captopril-treated rabbits). B, eNOS glutathionylation in aorta of control and captopril-treated rabbits (n=5 control and 4 captropril-treated rabbits). C, O 2
•À -sensitive DHE fluorescence in aortic cryosections. Intensity of the signal was measured within the endothelial layer of aorta from control and captopril-treated rabbits (white arrows, magnified image of the endothelial layer is shown in white boxes; n=5 control and 4 captopril-treated rabbits, with 5 randomly chosen regions of interest analyzed in each rabbit). D, NO detection in aortic cryosections by DAF2DA (5 lmol/L). Intensity of the signal was measured within the endothelial layer of aorta from control and captopriltreated rabbits (white arrows, magnified image of the endothelial layer is shown in white boxes) (n=5 control and 4 captopril-treated rabbits, with 5 randomly chosen regions of interest analyzed in each rabbit). E, Endothelium-dependent vasorelaxation in aortic rings from control and captopril-treated rabbits precontracted with PE (100 nmol/L). P value was <0.05 in the captopril-treated group versus control. PE-induced precontraction was 2.1AE0.2 and 2.0AE0.3 g in the control versus captopril group, respectively, and was not statistically different between groups. AU=arbitrary unit. Results are shown as meansAESEM. Statistical significance (P<0.05) is indicated by asterisk (*). DHE indicates dihydroethidium; DTT, dithiotreitol; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PE, phenylephrine. In contrast to L-NAME, the disulfide reductant DTT significantly decreased O 2
•À levels (Figure 2A and 2B 12 initiates eNOS uncoupling by glutathionylation of critical Cys residues (C689 and C908) in the reductase domain (shown as G), leading to a decrease in NO and amplification of O 2
•À production. This scheme strongly supports the previously proposed paradigm of NOX and derived O 2
•À acting as the "kindling" and uncoupled eNOS the "bonfire," but adds eNOS glutathionylation as the critical switch. ACE inhibition by captopril blocks these effects. Grx1 reverses glutathionylation, and its activity is redox-sensitive by yet to be identified mechanisms (dotted line). ACE indicates angiotensin converting enzyme; eNOS, endothelial nitric oxide synthase; NO, nitric oxide.
NADPH-derived O 2
•À appears to act as a trigger to initiate the uncoupling through glutathionylation of eNOS. This scheme (as shown in Figure 6 ) strongly supports the role of NADPH oxidase and its derived O 2 •À as the "kindling" and uncoupled eNOS as the "bonfire," as previously proposed, 29 but adds glutathionylation as the critical switch. eNOS modifications induced by Ang II are expected to affect the downstream NO-activated signaling pathways that regulate vascular tone. Indeed, Ang II decreased endotheliumdependent relaxation in intact aortic rings in a DTT-sensitive manner (Figure 4) , supporting the significance of eNOS glutathionylation in Ang II-induced endothelial dysfunction in intact vessels. These effects are similar to effects of DTT to restore the endothelium-dependent vasorelaxation in spontaneously hypertensive rats (SHRs) reported previously. 4 Of note, we show that DTT caused a shift in PE concentrationcontraction curve. This effect of DTT on PE precontraction has not been previously discussed 4 and may be a result of effects of DTT on glutathionylation of other cellular redox-sensitive molecules, such as ryanodine receptor 30 and sarco/endoplasmic reticulum Ca 2+ -ATPase, 31 that are key determinants of intracellular Ca 2+ and hence vascular tone.
Our findings provide insights into the signaling cascade that leads to the reported increase in glutathionylated eNOS 4 and eNOS uncoupling 32 in SHR and streptozotocin-induced diabetic rats. 11 Ang II plays an important role in etiology of hypertension in the SHR and endothelial dysfunction in diabetes, at least in part, through an increase in oxidative stress. 33 Ang II-induced, NADPH oxidase-dependent uncoupling of eNOS through glutathionylation may provide a mechanistic rationale for these observations and may implicate a similar pathway in the pathogenesis of hypertension and diabetes in humans. Consistent with the clinical relevance of captopril-induced decrease in eNOS glutathionylation, the improved eNOS coupling and endothelium-dependent vasorelaxation was also associated with a reduction in blood pressure in rabbits (Table) .
Interactions between Ang II-induced, NADPH oxidasegenerated O 2
•À and eNOS occur in spatially distinct compartments within the endothelial rafts/caveolae, with the structural protein caveolin-1 playing a critical role in the assembly of caveolar signalosomes as well as mediating Ang II-induced eNOS uncoupling. 34 Consistent with this, blocking assembly of NADPH oxidase complex with gp91ds-tat abolished Ang II-induced eNOS glutathionylation ( Figure 1A through 1D) and prevented loss of eNOS enzymatic activity ( Figure 1G ), suggesting NADPH oxidase as the prime source of O 2 •À mediating the effects of Ang II on eNOS, rather than other putative cellular sources, such as mitochondria or xanthine oxidase. Because gp91ds-tat prevents the docking of the cytosolic regulatory p47 phox subunit to the membranous gp91 phox , the isoforms activated by Ang II are likely to be NOX1 or NOX2, the activity of which requires p47 phox translocation to the membrane. 35 ACE inhibitors and angiotensin receptor blockers (ARBs) are known to protect against major cardiovascular events beyond what might be expected from their antihypertensive effects. 36 Improvement in endothelial function has been implicated. 37 Our findings that ACE inhibition by captopril reduces eNOS glutathionylation and results in increased NO and diminished O 2 •À levels, as well as improvement in endothelium-dependent relaxation, may rationalize analogous effects of the ARB, telmisartan, in nitrate-tolerant rats 38 and provide molecular insights into the protective effect of these agents. Indeed, the detected increase in glutathionylation of eNOS in intact human vessels by Ang II supports the direct relevance of our findings to human vascular pathophysiology.
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